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Objective: The duration of hypothermic circulatory arrest (HCA) is one of the important factors affecting the prognosis of arch surgery, which is still controversial. The purpose of this study was to investigate the effect of HCA duration on early prognosis in type A aortic dissection (TAAD) patients who underwent arch surgery in our center.

Methods: All consecutive patients who underwent surgical treatment for TAAD in Fuwai Hospital from January 2013 to December 2018 were included in this study and divided into four quartile groups based on HCA time. Baseline characteristics, perioperative indicators, and early mortality were statistically analyzed by propensity score matching (PSM) and restricted cubic spline (RCS) method. Perioperative adverse events were confirmed according to the American STS database and Penn classification.

Results: About 1,018 consecutive patients (mean age 49.11 ± 1.4 years, male 74.7%) with TAAD treated surgically were eventually included in this study. After PSM, with the prolongation of HCA time, the surgical mortality rates of group [2,15], (15,18], (18,22], and (22,73] were 4.1, 6.6, 7.8, and 10.9% with p = 0.041, respectively. As shown in RCS, the mortality rate increased sharply after the HCA time exceeded 22 min. And from the subgroup analysis, the HCA time of 22 min or less was associated with better clinical outcomes (OR 2.09, 95%CI 1.25–3.45, p = 0.004).

Conclusions: The early mortality increases significantly with the duration of HCA time when arch surgery was performed. And multiple systems throughout the body can be adversely affected.
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INTRODUCTION

Acute aortic dissection (AAD) is a life-threatening disease characterized by high morbidity and mortality and remains a challenge in its diagnosis and treatment, especially in type A aortic dissection (TAAD). Although the in-hospital or 30-day mortality rate has decreased in recent years (from 31 to 22%) with the improvement of surgical techniques and strategies, the long-term overall mortality rate remains high (57%) (1, 2). Total arch replacement (TAR) is the most difficult and challenging among all kinds of surgical procedures for TAAD.

Hypothermia circulatory arrest (HCA) provides the surgeon with a safe time to perform arch reconstruction surgery. Combined with unilateral or bilateral cerebral perfusion, the clinical effect and safety of total arch surgery can be significantly improved (3, 4). HCA can lead to organ ischemia, neurological disorders, and long-term high mortality (5). In order to reduce the damage caused by HCA, hybrid aortic surgery and aortic balloon occlusion (ABO) were introduced, but the clinical results of these techniques did not bring better benefits compared with traditional total arch surgery (6–9).

Many aortic surgery centers have focused on the effects of different core temperatures and assisted cerebral perfusion strategies on surgical outcomes (10–14), while few studies have addressed the effect of duration of HCA on the overall patient population. Our team has also recently studied HCA temperature and brain protection strategies demonstrating that moderate HCA (MHCA) combined with antegrade cerebral perfusion (ACP) is a safe and effective technique for TAAD (15). Therefore, the purpose of this study was to clarify the relationship between HCA time and early postoperative outcomes based on our single-center clinical experience.



METHODS


Patients and Definition

All consecutive patients who underwent surgical treatment for TAAD in Fuwai Hospital (Beijing, China) from January 2013 to December 2018 were included in this study. Patient inclusion criteria are as follows: (1) TAR was performed for DeBakey I aortic dissection and (2) adopt HCA technology. A total of 1,018 TAAD patients were included in the final analysis. The study was approved by the Chinese Ethics Committee, with informed consent not required due to its observational nature (Reference Number: ChiECRCT-20180041).

According to the experience and operation habits of our center, the core temperature maintained at 20–24°C is defined as deep HCA (DHCA), and the temperature maintained at 24-28°C is defined as MHCA. About 1,018 patients were divided into four quartile groups based on HCA time. HCA time between 2 min (inclusive) and 15 min (inclusive) was defined as [2,15] group, between 15 min and 18 min (inclusive) was defined as (15,18] group, and so on remaining two groups, i.e., (18,22], (22,73] groups, were defined.

The definition of complications involved in this study was based on the definition of the American STS database. The classification of organ malperfusion is based on patients' condition at the time of presentation according to the Penn classification (16). Surgical mortality is defined as a composite of in-hospital and 30-day mortality.



Operative Techniques

The surgical methods of TAR in our center have been described in detail in previous articles (17). The flow rate of cerebral perfusion was maintained to 8 ml/kg/min. Systemic perfusion was resumed after completion of the distal aortic arch anastomosis or using ABO to block blood flow, at which point HCA ended. Finally, anastomosis of the left common carotid artery, the proximal ascending aorta, the innominate artery, and the left subclavian artery was completed successively.



Statistical Analysis

Statistical analysis and data visualization were performed using R 3.6.1 (R Foundation for Statistical Computing, Vienna, Austria). For continuous variables, a normal distribution test was first carried out. The normally distributed data were expressed as mean ± SD, and a t-test was used for comparison between groups. The abnormal distribution data were expressed as median and range interquartile, while Fisher's test was used for comparison between groups. Categorical variables were presented as frequencies with percentages and analyzed by the chi-square test or Fisher's exact test, as appropriate. A two-tailed p < 0.05 was considered statistically significant.

To adjust for unbalanced basic characteristics, a propensity score matching (PSM) analysis was performed. The preoperative variables in the four groups were performed with PSM, and the P-value of the preoperative variable after matching was close to 1. Then, the preoperative and postoperative variables were compared between the groups. A restricted cubic spline (RCS) was used to flexibly model and visualize the relation of HCA time with surgical mortality. Further, a subgroup analysis was performed by temperature, gender, age, year of operation, acuity, and Penn classification, respectively.




RESULTS

About 1,018 consecutive patients (mean age, 49.1 ± 11.4 years; male, 74.7%) with TAAD treated surgically were admitted to the Fuwai Hospital. Patients in the acute stage before surgery accounted for 84%. Preoperative Marfan's syndrome (MFS) and other family histories of aortic disease were identified in 91 (8.9%) and 20 (2.0%) patients, respectively. According to Penn classification, 761 (74.8%) was Penn Aa, 229 (22.5%) was Penn Ab, 21 (2.1%) was Penn Ac, and 7 (0.7%) was Penn Abc. The overall baseline data are shown in Supplemental Table 1. The distribution of surgical strategies in the overall cohort is as follows: 22 (2.2%) patients underwent TAR, 916 (90.0%) patients underwent TAR with frozen elephant trunk (FET), and 80 (7.9%) patients were treated with the ABO technique. The mean CPB time was 171.8 ± 47.6 min, the mean HCA time was 18.3 ± 7.2 min, and the mean nasopharyngeal temperature was 22.8 ± 3.5°C. Overall operation data are shown in Supplemental Table 2. There were 72 (7.1%) patients who died before discharge or within 30 days (Supplemental Table 3).


Characteristics Before PSM

Before matching, there was a statistically significant difference in age among four groups: group [2,15] was the oldest and group (18,22] was the youngest. Compared with the other three groups, the incidence of MFS was lowest in the group [2,15] (p = 0.036). The incidence of this ABO was highest (80 (24.3%), p < 0.001) and traditional TAR+FET was lowest [241 (73.3%), p < 0.001] and statistically significant in group [2,15]. From group [2,15] to (22,73], the CPB time and HCA time were gradually prolonged, and an increase was therefore seen in surgical mortality rate (p = 0.014). There was statistically significant difference in ICU stay time among four groups, which was shortest in group [2,15] (median [IQR], 4.0 [3.0, 5.8] days) and longest in group (22,73] (5.0 [4.0, 6.4] days) with p < 0.001. There were also significant differences in the use of postoperative blood products; with the prolongation of HCA time, the use of blood products tended to increase (Supplemental Tables 1–3).



Characteristics After PSM

After PSM, the number of patients effectively matched in four groups was 1,015.9, 1,012.2, 1,015.0, and 1,010.1, respectively. There was no statistical difference between the four groups in preoperative characteristics; the p-value was close to 1. The distribution of main variables was stable after matching; the Love Plot is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Love plot before and after propensity score matching (PSM) among characteristics. The distribution of main variables was stable after matching.


While focusing on the operation data, there were statistical differences in the use of TAR+FET surgery and ABO auxiliary measure among the four groups. Group [2,15] used the most ABO (227.2 (22.4%), p <0.001), while the group performed the least TAR+FET surgery (763.7 (75.2%), p <0.001). While focusing on clinical outcomes, the surgical mortality rates of four groups were 4.1, 6.6, 7.8, and 10.9%, with p = 0.041, respectively. Group [2,15] has the shortest ICU stay time, while group (22,73] has the longest, which was significantly different (p < 0.001). There were also significant differences in the use of postoperative blood products; from the group [2,15] to (22,73], the volume of transfusions increased gradually (p < 0.05) (Tables 1–3).


Table 1. Preoperative characteristics after propensity score matching.
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Table 2. Operative data after propensity score matching.
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Table 3. Outcome data after matching.
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Restricted Cubic Spline Outcome

In Figure 2, the association between the HCA time and surgical mortality was evaluated with an RCS curve based on Cox proportional hazards models. As shown in the curve, the risk of early mortality was relatively flat until HCA time reached 22 min approximately, then started to increase rapidly afterward. The risk is lowest when the HCA time is controlled at 8–14 min.


[image: Figure 2]
FIGURE 2. The association between the HCA time and surgical mortality was evaluated with restricted cubic spline curve based on Cox proportional hazards models.




Subgroup Analysis

Overall, the HCA time of 22 min or less was associated with better clinical outcomes (OR 2.09, 95%CI 1.25–3.45, p = 0.004); the data of subgroup analysis are shown in Figure 3. For the use of the DHCA strategy, HCA time ≤ 22 min was associated with better clinical outcomes (OR 2.12, 95%CI 1.18–3.82, p = 0.012). For women (OR 2.96, 95%CI 1.25–7.00, p = 0.012), age <60 (OR 2.45, 95%CI 1.39–4.31, p = 0.013), and in the acute phase (OR 2.14, 95%CI 1.24–3.71, p = 0.006), the HCA time of 22 min or less is associated with better clinical outcomes. Controlling HCA time ≤ 22 min can lead to better clinical outcomes in patients with preoperative malperfusion, regardless of the Penn classification (p <0.05).


[image: Figure 3]
FIGURE 3. Forest plot of HCA>22 min better vs. HCA ≤ 22 min better regarding early mortality by subgroups. OR, odds ratio; CI, confidence interval.





DISCUSSION

The application of the HCA technique can provide a relatively bloodless field of operation for arch surgery; meanwhile, it aims to protect the brain and other terminal organs. In 1975, Dr. Griepp and his colleagues developed the HCA technique and performed aortic arch replacement surgery. Satisfying clinical results were obtained, and the safety and feasibility of this technique had been proved as well (18). In the following decades, HCA has become an important part of arch surgery, especially TAR or TAR+FET, and has been widely used and studied in animal experiments and human clinical work (19, 20). However, the optimal control of HCA time is still under discussion. In our center, through a statistical study of 1,018 patients with PSM and RCS, we concluded that early mortality increased with the prolongation of HCA time, as well as increased length of ICU stay and the use of blood products.

It is one-sided to talk about “duration” apart from “temperature” for HCA technology. A retrospective study focus on aortic arch surgery with HCA and ACP showed that a high temperature (24.1–28.0°C) is more effective in providing cerebral protection than a low temperature (≤24.0°C) in patients for <40 min, and suggested that the high-temperature group was an independent risk factor for 30-day mortality (21). In our center, the 20–28°C temperature strategy was mainly adopted; combined with the data in our study, the early mortality rate was 7.1%, which was significantly lower than those in other studies.

With the improvement of surgical techniques and equipment, the temperature of HCA has gradually increased (20–28°C), but the safe time range for HCA is still very different and controversial. Perreas et al. studied the use of DHCA+RCP (retrograde cerebral perfusion) in hemi-arch replacement, whose results showed that duration of DHCA is the only and main factor related to death (22). Their 30-day mortality rate was 9.6%, compared with 7.4% in our study, and they were also grouped according to different HCA times with mean HCA time 25.4 ± 13 min and RCP brain protection. As the grouping strategy of this study is based on a greatly different time span from ours, the specific mortality rates were not comparable. The rate of mortality and stroke in this study was lower than that of ours, of which a possible reason is that surgeries in our study were mainly TARs, which can be more complex and extensive, instead of hemi-arch replacements. As for stroke, although there was no statistically significant difference between the four groups, there was a trend of the incidence gradually increasing with the prolongation of HCA time, which is consistent with O'Hara's study (23). According to their report, in multivariable analysis, death or stroke risk increased with longer HCA time (OR 1.11 per 10-min increment, 95% CI 1.08–1.14). And at 30–40 min of HCA with ACP, the incidence of stroke was 11.4%, which was significantly higher than that in our cohort. It is generally recognized that there should be a negative correlation between the duration of HCA and the prognosis of patients. Early mortality, stroke, and renal function impairment increased significantly in patients with HCA time exceeding 40 min or even 50 min (24). Currently, conventional TAR or hemi-arch replacement procedures are generally able to control the HCA time within 30 min in patients with uncomplicated lesions, but it is important to know the optimal cutoff time and how the risk changes over time. As was shown on the RCS curve (Figure 2), the risk of early mortality was relatively flat until HCA time reached 22 min approximately, then started to increase rapidly afterward, which is consistent with the results of Immer et al. (10).

The application of HCA technology also has non-negligible effects on coagulation function. Studies have reported that when the core temperature is lower than 35°C, the number and function of platelets will be affected to a certain extent, and when the core temperature is lower than 33°C, other steps in the coagulation cascade reaction, such as the synthesis and kinetics of clotting enzymes and plasminogen activator inhibitors, may also be affected (19, 25). It follows from this that, in many studies, HCA has been associated with increased chest tube output and reintervention for bleeding (26). From our data, it can be seen that the rate of reoperation for bleeding and blood loss did not increase significantly with the prolongation of HCA time, which may be explained by the difference in surgical methods in different groups. In group (18,22], the reoperation for bleeding rate (4.5%) and blood loss (780.0 [600.0, 1,050.0]ml) were slightly higher than those in the other three groups, which is possible because there was a higher proportion of Bentall and Wheat's operations in this group that was difficult in hemostasis of the aortic root and sometimes did not wrap the prosthesis. Although there was no significant difference in blood loss, the volume of transfusions increased gradually (p < 0.05) with the prolongation of HCA time. In addition, our data showed that there was no significant correlation between stroke, paralysis, and the use of continuous renal replacement therapy (CRRT) and the duration of HCA (Table 3).

Currently, our center has been using HCA with a core temperature of 20–28°C for TAR surgery for many years, and the HCA time can be controlled within 20 min in most cases while satisfying clinical effects can be obtained. However, we expect that with the innovation of surgical techniques and instruments, the HCA time and temperature will be further improved. For example, our center has developed a “sutureless integrated stented graft” (SIS graft) device, with which a significantly shortened HCA time of 5–10 min, as well as a higher core temperature of 28–30°C, can be reached. This device is currently undergoing clinical trials and may further benefit patients with TAAD (27).


Limitations

The study is observational and retrospective in nature. Our study is based on the overall situation of the medical facilities in our center, the surgeons, anesthesiologists, and ICU physicians, as well as the patients' condition in the region, so there may be differences between the results of our study and those of other centers. In addition, different centers have different definitions of HCA temperature (DHCA or MHCA). However, we performed a variety of statistical methods, such as PSM, RCS, and subgroup analysis, to reduce the impact of potential bias. We look forward to prospective controlled trials with larger sample sizes and more reasonable results.



Conclusion

When arch surgery is performed, it is safe to keep the HCA time to <22 min from our single-center experience, at a core temperature of 20–28°C. Beyond this range, the early mortality increases significantly with the duration of HCA time. Of course, the degree of aortic dissection lesion and the complexity of surgical procedures must also be considered. The HCA time needs to be further controlled to bring a better early prognosis for patients.
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